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A lubr icant i s  any substance tha t  i s  used t o  reduce f r i c -  

t i o n  and wear and to provide smooth running and a sat isfactory 

l i f e  f o r  machine components. Most lubr icants are l i qu ids  ( l i k e  

mineral n i  Is, the synthetic esters and s i l i cone f lu ids ,  and 

water), but they may be so l ids (such as PTFE) f o r  use i n  dry 

bearings o r  gases (such as a i r )  f o r  us i n  gas bearings. An un- 

derstanding o f  the physical and chemical in teract ion between the 

lubricant and tile t r ibo log ica l  c.*rfaces i s  necessary i f  the ma- 

chine elements are t o  be provided wi th a sat isfactory l i f e .  

A va l i d  representation o f  the surface topooraphj i s  re- 

quired t o  understand the di f ferent regimes o f  lubrication. 

i s  known (Dowson, 1979) that  r o s t  t r ibo log ica l  surfaces are cov- 

ered by asper i t ies  having slopes w i th in  tne range 0' t o  25' 

( 0  t o  0.44 rad), w i t h  the b a s t  ;najor i ty i n  the narrow band be- 

tween s'! and 10' (0.09 and 0.17 rad). 

prqduced engineering surfaces nave arper i t ies  w i th  slopes o f  

about lo or 2'. 

oped t o  y i e l d  intormation on surface topography, including ob- 

: ique sectioning, op t ica l  interferometry, e lectron microscopy, 

I t  

Indeed, many well- 

Various pDysicar methods have been devel- 
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and p r o f i l m t r y .  O f  a l l  these physical methods p r o f i l m t r y ,  i n  

whicn a f ine diamond sty lus i s  drawn across the surface ana i t s  

ver t ica l  excursions magnified and recorded, has found the widest 

application. The departure of the p r o f i l e  from tne center l ine 

can be i den t i f i ed  by the rms ( root  mean square) and c l a  (center- 

l i n e  average), o r  the ar i thmet ical  mean deviat ion Ra as i t  i s  

now known internat ional ly,  both o f  wnich indicate the roughness 

o f  the surface. These parameters can be obtained by applying 

the voltage signal from the profi lometer t o  a meter, d i r e c t l y  

f o r  the rms value and a f t e r  full-wave r e c t i f i c a t i o n  f o r  the Ra 

value. Surface topography i s  discussed i n  more d e t a i l  i n  

Section 4.1. 

The f i l m  parameter A, defined i n  equation (3.125). is a 

r a t i o  o f  the f i l m  thickness t o  composite rms and is used t o  

define the l ub r i ca t i on  regimes: 

(1) Hgdrodynamic l ub r i ca t i on  - or f l u i d - f i l m  lubr icat ion - 
occurs when the lubr icant f i l m  i s  s u f f i c i e n t l y  th ick t o  prevent 

the opposing so l ids f rom coming i n t o  contact. The behavior i s  

governed by physical properties of  the bulk lubricant, notably 

the viscosity. The f i l m  parameter i s  generally greater than 10 

( A  > 10). 

( 2 )  Elastohydrodynamic lubr icat ion i s  a form o f  f l u i d - f i l m  

lubr icat ion wnere e l a s t i c  deformation of  the bearing surfaces 

becomes signi f icant.  F i l m  thickness i s  smaller than i n  hydrody- 

namic lubrication. However, no gross asperity contact occurs 



O f ~ Q U A L t T v  
between the surfaces. Both viscous and e l a s t i c  propert ies pre- 

dominate. The f i lm parameter i s  general ly between 3 and 10 

( 3  - A <  10). 

(3 )  Boundary lubr ica t ion  i s  the surface in te rac t ion  between 

one o r  more molecular layers of boundary lubricants. The so l ids  

dominate the operation of the contact, f l u i d - f i l m  e' fects are 

negl ig ib le,  and tnere i s  considerable asper i ty  contact. The 

f r i c t i o n  behavior i s  s im i la r  t o  tha t  i n  a dry contact and the 

f i l m  parameter i s  less than un i t y  ( A c  I ) .  

(4) Mixed lub r i ca t i on  i s  governed by a mixture o f  "bound- 

ary" and ' f l u i a  f i ls"  effects. Some asper i ty  contact may occur, 

and in te rac t ion  takes place between one or  more molecular layers 

o f  boundary lubr ica t ing  f i lms. Pa r t i a l  f l u i d  lubr ica t ion  act ion 

develops i n  tne bulk of the space between the sol ids. The filln 

parameter i s  general l y  betkeen 1 and 4 ( 1 - < A < 4). 

A more deta i led discussion af  tne four lubr ica t ion  regimes, 

along w i th  a discussion o f  the t rans i t i on  between them, i s  given 

i n  Section 4.2. 

namic lubr ica t ion  i s  out l ined i n  Section 4.3. 

plishments i n  four periods are presenteo, namely, the pre- 

1950's. the 19508s, the 1960's, ana the 1970's. The account o f  

experimental and theoret ica l  researcn covered i n  Section 4.3 

The h i s to r i ca l  development o f  elastohydrody- 

The major accom 

floes not attempt t o  include a l ?  the work ever done on elastohq- 

droaynamic lubr icat ion,  but only t o  cover tne major acnievements 

i n  the f i e l d .  
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4.1 Surface Topography 

The f i r s t  step i n  gaining ins ight  i n t o  the lubr ica t ion  o f  

so l i d  surfaces i s  t o  examine the surface p r o f i l e  o r  topography. 

Smooth surfaces are not f l a t  on an atomic scale. The rough- 

nesses of manufactured surfaces used i n  lubr ica t ion  are between 

1 ~ 1 0 - ~  and 2 0 ~ 1 0 - ~  m; whereas t yp i ca l  atomic diameters are 

between 1 ~ 1 0 ' ~ ~  and ~ O X ~ O - ~ ~  m. Even a h igh ly  pol ished sur- 

face, when examined microscopically o r  witn a profi lometer, nas 

an i r regu la r  nature. The surface consists o f  h igh and low 

spots. Tne nigh spots o r  protuberances are also ca l l ed  asperi- 

t ies. 

A typ ica l  metal l i c  surface might oppear somewhat l i k e  tha t  

shown i n  Figure 4.1, as described by Ha l l ing  (1976), who defines 

the various layers i n  the structure o f  meta l l i c  surfaces as fo l -  

lows: 

On top o f  the normal c rys ta l l i ne  struc- 

t u re  l ies a layer o f  deformed material cre- 

ated by the processes used i n  the manufac- 

tu re  o f  the surface. This layer i s  of ten 

over aid by a microcrystal l ine layer wnich 

i s  a so produced i n  the manufacturing pro- 

cess. I n  such processes the outermost mo- 

lecular layers are melted and smeared over 
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OF QUALnY the underlying material. The sudden cool- 

ing o f  t h i s  molten layer produces a struc- 

tu re  of very f i n e  c rys ta ls  which i s  harder 

than the underlying material. This hard 

t h i n  layer can be very important i n  produc- 

ing high resistance o f  the surface t o  

wear. There i s  also an outermost layer 

produced by chemical react ion o f  the sur- 

face wi th i t s  environment. With s tee ls  i n  

a i r  t h i s  w i l l  be an oxide layer ( rus t )  and 

it i s  o f  considerable s igni f icance i n  tri- 

bology. I n  a sense it acts as a ba r r i e r  

between meta l l i c  surfaces tha t  are appar- 

ently i n  contact, ana so helps t o  reauce 

the f r i c t i o n  between them. F ina l ly ,  the 

surface w i l l  usual ly  be covered w i th  dust, 

wear debris and posslbly lubricant, and as 

Figure 2.1 (Fig. 4.1) shows, such pa r t i c l es  

are o f  a s im i la r  s ize t o  the i n t r i n s i c  

rougnnesses o f  the surf ace boundary. 

The geometric character is t ics  o r  surface texture o f  irregu- 

l a r  surfaces f a l l  i n t o  the three categories Shown i n  Figure 4.2: 

(1) E r r o r  o f  form, i n  which tne surface deviates from a 

we1 I-def ined pat tern because o f  er rors  inherent i n  the 

manufacturing process 



(2 )  Waviness, which takes the form o f  r e l a t i v e l y  long- 

wavelength var iat ions i n  surface p r o f i l e  and i s  o f ten 

associated w i th  the unwanted vibrat ions tha t  always 

occur i n  machine t o o l  systems 

( 3 )  Roughness, i r r e g u l a r i t i e s  tha t  exclude waviness and 

errors o f  form and are inherent i n  the actual cu t t ing  

andlor pol ishing process during production. I n  the 

study of lubr icateo contacts t h i s  i s  the geometric 

var ia t ion that  i s  general ly o f  greatest interest .  

A wide range o f  instruments i s  used t o  study these geomet- 

r i c  characterist ics, but the one most widely adopted i s  the pro- 

f i lometer. 

radius, (2+0.5)x10" - m) i s  drawn over the surface. The ver t i -  

tal movement .of the s ty lus as it traverses the p r o f i l e  i s  meas- 

ured and amplified, usual ly electronical ly,  so tha t  the recomed 

output provides a p ic tu re  o f  the actual surface. The s ta t i c  

load o f  the s ty lus cn the surface i s  normally less than 0.0007 N 

(0.00256 02). 

I n  a prof i lometer a very f i n e  diamond sty lus ( t i p  

Profi lometry was introduced by Abbott and Firestone i n  1333 

a t  the University o f  Michigan. 

ments of t n i s  kind i s  the Talysurf. One of  the most a t t rac t i ve  

features o f  t h i s  instrument i s  i t s  f l e x i b i l i t y  i n  cont ro l l ing  

the horizontal and ve r t i ca l  magnif icat ion inaeprnu,.-tly. The 

norizontal magnif icat ion i s  cont ro l led by the speed o f  travers- 

ing and the speed o f  the paper on which the p r o f i l e  record i s  

One o f  the best known instru- 
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produced. The ve r t i ca l  magnification i s  con t ro l led  e lec tmn i -  

ca l  ly. The ve r t i ca l  magnif i ca t i on  i s  normal l y  between 100 and 

100,000, and the hor izontal  magnif icat ion between 10 and 5OOO. 

A t yp i ca l  r a t i o  of vert ical-to-horizontal magnification i s  50. 

The dif ference i n  the ve r t i ca l  and hor izontal  magnifications, 

although useful i n  g iv ing  greater emphasis t o  the height charac- 

t e r i s t i c s  o f  the surface, does mean tha t  the resu l t ing  record i s  

distorted. The surface asper i t ies  are undulations rather  than 

the sharp peaks t h a t  are shown i n  the d is to r ted  prof i les .  The 

f i n i t e  s ize o f  the s ty lus  i s  the u l t imate l i m i t  on the resolu- 

t ion. 

There are a numoer o f  other methods o f  studying surface 

geometry besides prof i lometry. Some o f  these other ahernat  i ve  

techniques are 
0 

(1) Oblique sectioning 

(2)  Opt ical  interferometry 

( 3 )  Electron microscopy 

( 4 )  L ight  microscopy 

A discussion o f  these approaches can be found, f o r  example, i n  

Hal 1 i ng (1976). 

A hor izontal  l i n e  passing through the center o f  the area of 

the d i s t r i b u t i o n  curve obtcined f r o m  a p r o f i l m e t r y  t race i s  

defined as the center l ine o f  the p ro f i l e .  

by the surface p r o f i l e  above ana below t h i s  center l ine are 

equal. The departure o f  the 

The areas generated 

- o f i l e  from t h i s  center l ine may be 
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i den t i f i ed  by the parameters rms ( root  mean square) and c l a  

(center l ine average) or Ra (roughness average). The Ra value i s  

defined as the ar i thmet ic average value o f  the ve r t i ca l  devia- 

t i o n  o f  the p r o f i l e  from the centerline, and the rms value as 

the square root of the ari thmetic man  of the square of t h i s  

derivation. I n  mathematical form they can be wr i t ten  as 

(4.2) 

where n i s  the number o f  points on the center l ine a t  which the 

p r o f i l e  deviat ion zi i s  measured. For most surfaces the Ra 

and nns va:ues are very s imi lar .  Both parameters can be ob- 

tained by applying the voltage signal from the prof i lometer t o  a 

meter, d i r e c t l y  f o r  the rms value and a f te r  full-wave rect i f ica-  

t i o n  f o r  the Ra value. For t h i s  reason these parameters are 

extensively used i n  def in ing surfaces. 

4.2 Lubr icat ion Regimes 

By the middle of the twentieth century tlrro d i s t i n c t  regimes 

of  lubr ica t ion  were general ly recognized. The f i r s t  o f  these 

was f lu id - f i lm or  hydrodynamic lubr icat ion.  The development of 

the understanding o f  t h i s  lubr ica t ion  regime began w i th  c lassi-  

ca l  experiments by Tower (1883) i n  which the existence o f  a f i l m  



was detected from measurements of  pressure w i th in  the lubr icant 

and by Petrov (1883). who reached the same conclusion from f r i c -  

t i o n  measurements. This work was c losely  followed by Reynolds' 

(1886) celebrated analy t ica l  paper i n  which he used a i'educed 

form o f  the Navier-Stokes equations i n  association w i th  the con- 

t i n u i t y  equation t o  generate a secona-order d i f f e r e n t i a l  equa- 

t i o n  f o r  the pressure i n  the narrow converging gap o f  a bearing 

contact. Such a pressure enables a load t o  be transmitted b e  

tween the surfaces w i th  very low f r i c t i on ,  since the surfaces 

are completely separated by a f i l m  o f  f l u id .  

t i o n  i t  i s  the physical propert ies of  the lubricant, notably the 

dynamic o r  absolute viscosity, t h a t  d c ta te  the behavior o f  the 

contact. 

I n  such a situa- 

The second lubr ica t ion  regime c l e a r l y  recognized by 1950 

was boundary lubr icat ion.  The understanding of t h i s  lubr ica t ion  

regime i s  normally a t t r ibu ted  t o  Hardy and Doubleday (1922a 

and b), who found that  very t h i n  f i lms  adhering t o  surfaces were 

of ten su f f i c i en t  t o  assist  r e l a t i v e  s l id ing.  They concluded 

tha t  under such circumstances tne chemical composition o f  the 

f l u i d  was important, and they introduced tne t e r m  "boundary ju- 

brication," Boundary lubr icat ion i s  a t  the opposite end o f  the 

lubr icat ion spectrum from f l u i d - f i  l m  or  hydrodynamic lubrica- 

t ion.  In boundary lubr icat ion i t  i s  the physical and chemical 

propert ies o f  t h i n  f i lms  o f  molecular proportions and the sur- 



faces t o  which they are attached tha t  determine contact behav- 

lor, the lubr icant v iscos i ty  trot being an i n f l u e n t i a l  paramrtter. 

I n  tht! last 30 ytrars research has beeri devoted t o  a be t te r  

understanding and more precise de f i n i t i on  o f  lubr ica t ion  regimes 

between these extremes. One such lubr ica t ion  regime occurs i n  

nonconfomal contacts, where the pressures are high and the 

bearing surfaces deform e las t i ca l l y .  In t h i s  s i t ua t i on  the v is-  

' cos i ty  o f  the lubr icant  r i s e s  considerably, ana t h i s  fu r ther  

assists the formation of  an e f fec t i ve  f l u i d  f i l m .  A lubr icated 

contact i n  which such e f fec ts  are t o  be found i s  said t o  be op- 

erat  i ng elastohydrodynmical ly. S ign i f icant  progress has been 

made i n  understanding the mt 'hanism o f  elastohydrodynamic lubr i -  

cation, and i t  i s  generally viewed as reaching maturi ty. 

Since 1970 i t  has been recognized tha t  between elastohydro- 

dynamic and boundary lubr ica t ion  some combined mode o f  act ion 

can occur. This mode i s  generally termed "mixed lubrication.'' 

To aate, most o f  the s c i e n t i f i c  unknowns l i e  i n  t h i s  lubr ica t ion  

regime. An in te ra isc ip l inary  approach w i l l  be needed t o  gain an 

understand1 ng o f  t h i s  important lubr ica t ion  mechanism. 

4.2.1 Hydrodynamic o r  Fluid-Film Lubr icat ion 

Fluid-f  i l m  lubr ica t ion  occurs when the lubr icant  f i l m  i s  

s u f f i c i e n t l y  th ick  t o  prevent the opposing so l ids from coming 

into contact. T h i s  condi t ion i s  o f ten referred t o  as the ideal  
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form of lubr ica t ion  since i t  provides low f r i c t i o n  and a high 

resistance t o  wear. The behavior of the contact i s  governed by 

the bulk physicdl propert ies o f  the lubricant, notably viscos- 

i t y ,  ana the f r i c t i o n a l  character is t ics  a r ise  pure ly  f rom the 

shearing o f  the viscous lubricant. 

The lubr icant f i l m s  are normally many times th icker  than 

the surface roughness. The physical propert ies o f  the lubr icant  

d ic ta te  contact behavior, and surface e f fec ts  are negl ig ib le.  

The f i l m  thickness normally exceeds lod m, and the f i l m  pa- 

rameter A i s  i n  excess o f  10 and may even r i s e  t o  100. F i l m s  

o f  t h i s  thickness are c lear  y insensi t ive t o  chemical act ion i n  

surface layers of molecular proportions. This lubr ica t ion  mech- 

anism normally occurs i n  se f-acting, squeeze-film, and exter- 

na l l y  pressurized bearings. 

4.2.2 E 1 as t ohy droayn ami c L u b r  i cat i on 

Elastohydrodynamic lubr ica t ion  i s  a form o f  f l u id - f  i 1m lu- 

b r lca t ion  where e las t i c  deformation o f  the oearing surfaces be- 

comes s ign i f icant .  

stressed machine components o f  low conformity, 1 i ke  gears and 

rolling-element bearings. This lubr ica t ion  mechanism i s  also 

encountered w i th  s o f t  bearing materials, l i k e  elastomeric seals 

and rubber t i r e s .  The common factors  i n  these applications are 

that  local  e las t i c  deformation o f  the so l ids provides coherent 

I t i s  usual ly associated w i t h  highly 
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f l u i d  f i l m s  and tha t  asper i ty in teract ion i s  large ly  prevented. 

Elastohydrodynamic lubr ica t ion  normally occurs i n  contacts wnere 

the f i l m  thicknesses i s  i n  the rangz 

the fi 1m parameter A i s  i n  the range 3 - < A < 10. 

m < h m and - -  

4.2.3 Boundary Lubr icat ion 

I n  boundary lubr ica t ion  the so l ids are not separated by the 

lubricant, so f l u i d - f i l m  e f fec ts  are neg l ig ib le  and there i s  

considerable asper i ty  contact. The contact lubr ica t ion  mechan- 

ism i s  governed by the physical and chemical propert ies o f  t h i n  

surface f i l m s  o f  molecular proportions. The propert ies of the 

bulk lubr icant  are o f  minor importance, and the coef f i c ien t  of 

f r i c t i o n  i s  essent ia l ly  independent of the v iscos i ty  o f  the 

f l u id .  The f r i c t i o n a l  behavicr i s  s im i la r  t o  tha t  encountered 

i n  dry f r i c t i o n  between solids. The surface f i l m s  vary i n  

thickness from 5x10-' m t o  m and the f i l m  pdrameter A 

i s  less than un i t y  ' - < 1). 

4.2.4 Mixed Lubr icat ion 

i h e  behavior o f  the conjunction i n  a mixed lubr ica t ion  re- 

gime i s  governed by a combination o f  bounaary arid f l u i a - f i l m  

effects. Some asper i ty contact may occur. In teract iov takes 

place between one o r  more molecular layers of boundary lubr icat -  

12 



in9 f i lms.  A p a r t i a l  f lu id - f i lm lubr ica t ion  act ion develops i n  

the bulk o f  the space between the solids. The f i l m  thickness i n  

a mixed lubr ica t ion  contact i s  less than lo-' m m a  greater 

t m i  IIJ-" 111. 

arid 4. 

I t t c f  t i Im p e r e t e r  A i s  n<rrmal ~y between i 

4.2.5 Trans i t ion Betbeen Regimes 

The t rans i t i on  from boundary t o  f l u id - f  i l m  lubr ica t ion  aoes 

;lot take place instantaneously as the sever i ty  o f  loading i s  

decreased, but an increasing proport ion o f  the load i s  car r ied  

by pressures w i th in  the f l u i d  tha t  f i l l s  most o f  the space be- 

tween the opposing solids. Indeed, it i s  o f ten  d i f f i c u l t  t o  

el iminate f l u i d - f  i l m  ?ubr icat ion e f fec ts  t o  enable t r u e  boundary 

lubr ica t ion  t o  occur, and there i s  evidence t o  suggest tna t  

micro-f lu id- f i lm l m r i c a t i o n  associated with a number o f  minia- 

t u r e  bearings formed by surface i r r e g u l a r i t i e s  i s  an important 

e f fec t  i n  some processes. 

The var ia t ion  o f  coef f ic ient  o f  f r i c t i o n  w i t h  the f i l m  

parameter A i s  shown i n  Figure 4.3. 

imate locations o f  the various lubr ica t ion  regimes already dis- 

cussed are shcwn. This f i gu re  shows tha t  as the f i l m  param- 

e te r  A increases there i s  i n i t i a l l y  a decrease i n  coef f i c ien t  

of  f r i c t i o n  i n  the elastohydrodynamic regime followed by an in- 

crease i n  coef f i c ien t  o f  f r i c t i o n  i n  the hydrodynamic regime. 

I n  t h i s  f i gu re  the approx- 
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I n  explaining t h i s  phenmenon l e t  us assume that the surface 

roughness i s  the same i n  both lubr icat ion regimes. The coef f i -  

c i en t  o f  f r i c t i o n  i s  defined as 
r 
T I r - -  P 

where 7 i s  the tangential ( f r i c t i o n )  force an4 f i s  the 

normal force. 

I n  hyorodynamic 

i n  journal  and th rus t  

nlbmic lubr icat ion the 

ubr icat ion o f  conformil contacts Os found 

bearings F a UhZ. I n  elastohyuroop 

n o m 1  force has l i t t l e  e f f e c t  on the f i l m  

thickness. I n  the f i l m  thickness equatiun (8.23) the exponent 

on F i s  -0.073, so we can say tna t  F i s  essent ia l l y  propor- 

t iona l  t o  a constant. 

lubr icat ion Tat i /h .  Malting use o f  t h i s  we can w r i t e  

I n  hyarooynamic and elascohydrodynamic 

1 - 

1 A - 
1 h a- 

‘lr)EHLa Constant h 

This  then explains tne general form o f  Figure 4.3. 

4.3 E 1 astohydrodynami c L2bri  cat 1 on H i  story 

(4.4) 

(4.5) 

H i s t o r i c a l  ly, a recognition and understanding 01 elastohy- 

drodynamic lubr icat ion may be viewed as one o f  the major devel- 



oplaents i n  the f i e l d  o f  t r ibo logy i n  the twenticth century. I t  

not only revealed the existence o f  a previously unsuspected re- 

gime o f  lubr ica t ion  i n  highly stressed aird nonconfonml machine 

eleawnts l i k e  gears and rolling-element bearings, but i t  brought 

order t o  tne understanding of the complete spectrum o f  lubrica- 

t ion, ranging from boundary t o  hydrodynamic, as was shown i n  the 

preceding section. lne present section attempts t o  t race the 

aeveloplnent o f  understanding o f  elastohydrodynamic lubr ica t ion  

by point ing out  landmarks i n  the short  h is to ry  of  t h i s  suhject. 

4.3.1 Pre-1950's - Mart in  t o  Grubin 

Much of the ea r l y  in te res t  i n  the subject now known as 

Elastohydrodynamic lubr ica t ion  was generated by the need t o  un- 

derstand the mechanism of gear lubr icat ion.  A suggestion tha t  a 

f u l l  hydrodynamic f i I m  separated the opposing teeth was examined 

theore t ica l l y  bq Mart in i n  1916. Mart in consiaered r i g i d  so l ids 

and an inccnnpressib:e, isoviscous lubr icant.  His  so lut ion of 

the Reynolds equation f o r  a lubr ica t ing  f i l m  between two r i g i d  

c i r cu la r  cy1 inders presented a useful  beginning t o  theoret ica l  

studies. 

Mart in 's  theoret ica l  work discouraged the view tha t  spur 

gears cou1d be lubr icated by hydrodynamic act ion since h i s  re- 

su l ts  indicated tha t  f i l m  thicknesses of  the order o f  3 x W 8  fl i  

would be requirea t o  support the applied lodd under t yp i ca l  con- 



d i t  ions. This separation i s, of course, considerably ma1 l e r  

tnan the known surface i r r e g u l a r i t i e s  o f  gear teeth. 

couraging resu l t  probably accounts f o r  the long-time in te rva l  o f  

about 20 years before the next s ign i f i can t  f l u r r y  o f  theoret ica l  

work on gear lubrication. Peppler (1936) and Meldahl (1941) 

Thfs dis- 

I considered the c f f e c t  of local  e l a s t i c  d i s t o r t i o n  on the predic- 

' t i o n s  of hydrodynam - theory. Although t h e i r  invest igat ions 

f a i l e d  t o  demonstrate the f u l l  s igni f icance o f  e l a s t i c  effects, 

they d id  po int  the way fo r  fu tu re  ines t iga t ions .  

A very important step i n  the development c f  experimental 

investigations was recorded i n  193s when M e r r i t t  b u i l t  a 01% 

machine t o  simulate gear tooth contact conditions. 

discs were designed t o  represent the contact geometry a t  a se- 

lected pos i t ion  i n  the meshing cycle, and the coef f ic ient  of 

f r i c t i o n  was recorded over a wide speed range. Disc machines i n  

various forms nave provided the basic apparatus f o r  IL. c elasto- 

hydrodynamic lubr icat ion experiments i n  recent years and dry- 

discussea more f u l l y  i n  Cnapter 13. 

The two 

The f i r s t  sat is factory  solutio!. t o  take account o f  the e f -  

fect  o f  e las t i c  d i s to r t i on  ana viscosity-pressure act ion was 

reported by Grubin (1949). Grubin adapted a set of very p h s -  

i b l e  assumptions t o  enabled him t o  ootain an approximate analy- 

t i c a l  solut ion t o  a complex theoret ical  problem. 

The essence o f  Grubin's analysis wds tnat  he assumed tnat  

the Shape of  the e l a s t i c a l l ]  deformed so l ids i n  a highly loaaeo 
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lubricated contact was the same as the shape produced i n  a dry 

contact. This assumption f a c i l i t a t e d  the so lut ion of  tne 

Reynolds equation 111 the i n l e t  region t o  the conjunction and 

enabled the separation o f  the so l ids i n  tne central  region t o  be 

determined w i t h  commendable accuracy. The most valuable resu l t  

o f  t h i s  analysis was a f i l m  thickness equation f o r  highly loaded 

e l a s t i c  contacts. Tne equation predicted f i l m  thicknesses one 

or two orders o f  magnitude greater than the corresponaing 

rigid-cylinder, isoviscous f l u i d  values, and the p o s s i b i l i t y  o f  

satisfactory f l u i d - f i l m  act ion was established theo re t i ca l l y  f o r  

the f i r s t  time. Grubin's analysis produced an excel lent account 

o f  the physical mechanism of  the l uo r i ca t i on  process i n  highly 

loaded l i n e  contacts, and i t  marked a very important development 

i n  the h is tory  o f  elastohydrodynamic lubrication. Although t h i s  

solut ion i s  comnonly known as the Grubin tneory, i t  has teen 

suggeste: that  E r t e l ' s  name should also be'assaciated w i t h  tne 

theory (Cameron, 1960). 

4.3.2 1950's - 61ok t o  Dowson and Higginson 

- R e  influence o f  pressure-viscosity e f fec ts  on theoret ical  

r? lu t i ons  t o  r ig id-cy l inder  lubr icat ion was examined by McEwen 

(1952) and Blok (1952). 

ship of the form n 

duced ine now f a m i l i a r  exponential expression n = n eaP. 

McEwen (1952) considered a relat ion- 

n o ( l  + p/k)n, and 6lok (1952) intro- 

0 
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The outstanding feature of  these investigations was that they 

predicted a minimum f i l m  thickness increase o f  about 150 percent 

over the constant-viscosity (Martin) solution. 61ok also noted 

tha t  the exponential re lat ionship introduced a mathematical 

l i m i t a t i o n  on minimum f i l m  thickness since the pressure reached 

an i n f i n i t e  value when the minimum f i l m  thicxness f e l l  t o  a cer- 

t a i n  value. The load capacity under these l i m i t i n g  conditiovis 

was found t o  be about 2.3 times the corresponding Mart in theory. 

More complete solut ions t o  the elastohydrodynamic 

lubr icat ion problem that  simultaneously sa t i s f i ed  tne governing 

e l a s t i c  and hydrodynamic equations were presented by Petrusevich 

(1951). The three main features of  these solut ions are now rec- 

ognized as general character ist ics of  many elastohydrodynamic 

contacts. 

(1) An almost p a r a l l e l  o i l  f i l m  i n  the centra l  region o f  the 

contact w i th  a r e s t r i c t i o n  near the o u t l e t  

(2)  A nearder tz ian  pressure curve over most o f  the contact 

region 

(3 )  A very local  second pressure maximum o f  considerable 

height near the o u t l e t  end o f  the contact region 

Several numerical solut ions t o  the isothermal elastohyaro- 

dynamic problem for c y l i n d r i c a l  contacts were presented i n  the 

1950's. Weber and Saalfeld presented t h e i r  f indings i n  1954 and 

a new approach t o  elastohydrodynamic lubr icat ion theory was pre- 

sented by Dowson and Higginson (1959). Even for the r e l a t i v e l y  
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simple case of a constant-viscosity f lu id ,  the s t ra ight fomaro 

i t e r a t i v e  processes employed by Meldahl (1041) are tedious and 

slowly convergent. By introducing a so lut ion t o  the inverse 

hydrodynamic l ub r i ca t i on  problem, Dowson and Higginson (1959) 

were able t o  overcome t h i s  d i f f i c u l t y  and t o  obtain sat is factory  

solutions t o  tne e l a s t i c  and hydrodynamic equations a f t e r  a 

ma11 number o f  ca lcu lat ion cycles. Normally a so lut ion of the 

Reynolds equation c a l l s  f o r  the detennination o f  a pressure dis- 

t r i b u t i o n  corresponding t o  a given f i l m  shape. I n  the inverse 

problem the f i l m  shape responsible f o r  the generation of a given 

pressure d i s t r i b u t i o n  i s  determined. I n  the procedure adopted 

by Oowson and Higginson the computed f i l m  snape was compared 

wi th the shape o f  the e l a s t i c a l l y  deformed solids, and the pres- 

sure curve was then modified t o  improve the agreement between 

the two shapes. Although the computational method produced an 

acceptable solut ion i n  a small number o f  cycles, the procedure 

was not f u l l y  automatic. Judgment was needed i n  modifying the 

pressure curve a f t e r  each e l a s t i c  ana inverse hydrodynamic Gal- 

culat ion. Although i t  was r e l a t i v e l y  easy t o  provide t h i s  judg- 

ment when calculat ions were performed on hand-operated desk Cal- 

cu la t ing macnines, the procedure was not wel l  suited t o  high- 

speed d i g i t a l  computers. 

- 

These advances i n  the theoret ical  work i n  the 1950's were 

matched b j  r e l i a b l e  experimental work. In terest  was focused an 

the all- important f 1 Im tnickness, and disc machines were widely 



employed f o r  the investigations. The capacitance method was tne 

most r e l i a b l e  measuring system t o  emerge during the 1950's. 

Lewicki (1955) reported in terd isc capacitance measurements on a 

two-disk machine tha t  seemed t o  ind icate a f i l m  thickness o f  

about 1 um (40 uin.). The method was ref ined and re la ted t o  a 

more accurate shape o f  deformed cyl inders by Crook. A t  an ear ly  

stage o f  h i s  experiments w i th  d isc machines, Crook (1957) noted 

tha t  the lubr icat ing o i l  formed f i l m s  on the surfaces and was 

only slowly replaced by fresh o i l  from the supply. He l a t e r  

found (Crook, 1958) t h a t  i f  the o i l  supply was cu t  o f f ,  the f i l m  

of retained o i l  continued t o  lubr icate the d isc s a t i s f a c t o r i l y  

f o r  a t  least  30 minutes. Ouring t h i s  period the f i l m  thickness 

f e l l  by about 30 percent, and it was amply demonstrated tha t  

t h i s  reduction was not caused by a loss o f  o i l  but was at t r ibu-  

tab le t o  a r i s e  i n  the temperature o f  the d isc and the associa- 

ted reduction i n  the v iscos i ty  o f  the o i l .  It was therefore 

c lear  tha t  the surface temperature o f  the discs had a marked 

influence on t h e i r  lubrication. 

4 .3 .3  1960's - Crook t o  Archard and Cowking 

Crook's experimental studies continued i n  the 1960's. 

crook (1961) conf inned the order o f  magnitude o f  f i  l m  thickness 

deduced by Lewicki (1955). and he was able t o  provide d i rec t  

evidence o f  the influence of  load and speed on f i l m  thickness. 

LO 



Load was found t o  have an almost neg l ig ib le  e f fec t  on f i l m  

thickness, but speed was fouiiu t o  play a very important role.  

The metnod used by Crcok was ref inea and used convincingly by 

Dyson, e t  al. ,1965-06) i n  a study that  covered a wide range o f  

lubricarlt s. 

An in terest ing paper by Archard and K i r k  (1961) demonstra- 

ted tha t  f lu id - f  i l m  lubr ica t ion  could also occur i n  some highly  

loaded point  contacts. Before the publ icat ion o f  t h i s  paper i t  

had been considered tha t  only boundary lubr ica t ion  could occur 

under such extreme conditions. Arcnard and K i r k ' s  experiments 

w i th  crossed cy l inders also showed tha t  the values of  f i l m  

thickness a t  a point  contact with a c i r cu la r  IW-tzian region 

d i f f e red  less than might have been expecteo from those a t  a l i n e  

contact. A comparison o f  the values o f  f i l m  thickness f o r  a 

l i n e  contact (Crook, 1961) w i th  those f o r  a po int  Contact 

(Archard and K i r k ,  1961) under otherwise s imi la r  condit ions 

shows that  the two values d i f f e r  by roughly a fac to r  o f  2. 

An a l ternat ive experimental approach t o  the capacitance 

method was described by Sibley and Orcutt (1961) vhen they pre- 

sented f i I m  thickness measurements based on an X-ray transmis- 

sion technique. Results were obtained f o r  a range o f  speeds ana 

loads and f o r  three lubr icants having qu i te  d i f f e ren t  viscosi- 

t ies .  I n  addition, the transverse p r o f i l e s  o f  the e l a s t i c a l l y  

deformed so l ids i n  the v i c i n i t y  o f  the contact were recoroed. 
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The f i l m  thicknesses recorded by Sibley and Orcutt were i n  over- 

a1 1 agreement w i th  Crook's (1961) measurements. 

The l a t t e r  dalf of the 1960's saw a f l u r r y  o f  a c t i v i t y  i n  

op t ica l  elastohydrodynamics. The f i r s t  s ign i f i can t  publ icat ion 

on t h i s  top i c  was by Cameron and Gohar (1966). They loaded a 

lubricated, ro ta t i ng  s tee l  b a l l  against a stat ionary p la te  o f  

high-refractive-index glass and obtained interference patterns 

tha t  were the f i r s t  t o  show the now c lass ic  horseshoe constr ic- 

t i o n  of elastohydrodynamic po in t  contact. Their use of  s l i d i n g  

contact and special glass imposed a severe r e s t r i c t i o n  on loads, 

speed5, and f r i nge  qual i ty .  GOhdr and Cameron (1966) reduced 

these l im i ta t i ons  by using sapphire and diamond as the transpar- 

ent member. A great improvement i n  f r i nge  qua l i t y  was obtained 

by Foord, e t  a l .  (1968) who, instead o f  re ly ing  on dif ferences 

i n  re f rac t i ve  index, used a 20-percent-reflectivity 1aLir  o f  

chromium. This allowed the transparent mater ia l  t o  be selected 

f o r  i t s  mechanical propert ies and enabled them t o  use pure ro l -  

l i n g  and high speeds. 

the 1960's provided valuable data on the lubr ica t ion  o f  h ighly 

loaded contacts, and we now t u r n  t o  the development o f  elastohy- 

drodynamic theory dur ing t h i s  era. 

It i s  c lear  tha t  the experimental work o f  

The Dowson and Higginson theory developed i n  1959 was fu r -  

ther  automated i n  t h e i r  1961 paper. The d i g i t a l  computer was 

used t o  great advantage i n  developing numerical solut ions f o r  

pa r t i cu la r  values o f  the independent variables. These solut ions 
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have enabled the roles o f  the speed, load, dnd mdter ia ls proper- 

t i e s  t o  be c l e a r l y  ascertained. 

these parameters on minimum f i l m  thickness became clear. OOwSon 

and Higginson (1961) then produced an empir ical formula f o r  t h i s  

important feature of h igh ly  loaded, lubr icated contacts on the 

basis of t h e i r  tneoret ica l  solut ions f o r  l i n e  contacts. The 

importance o f  adequate minimum f i l m  thickness i n  elastohyarody- 

namic contacts cannot be overemphasized. 

sary condi t ion f o r  successful f lu id- f  i I m  lubr icat ion,  and the 

machine designer must consider t h i s  po in t  whenever he i s  con- 

cerned w i tn  the lubr ica t ion  o f  h igh ly  Stressed contacts. An 

in terest ing h i s t o r i c a l  po in t  i s  t ha t  i t  took 45 years t o  develop 

from the Mart in (1916) solut ion t o  the f u l l  isothermal elastohy- 

drodynamic so lut ion f o r  minimum f i l m  thickness o f  l i n e  contacts 

(Dowson and Higginson, 1961). Close agreement was found between 

the theoret ica l  minimum-f i lwth ickness preaict ions o f  Dowson and 

Higginson (1961) ana the experimental resu l ts  o f  Crook (1961) 

and Sibley and Orcutt (1961). This close agreement demonstrated 

that the gap between theory and experiment tha t  was present a t  

the time o f  Mart in 's 1916 work had been largely  closed fo r  

highly stressed l i n e  contacts by the ea r l y  1960's. 

I n  pa r t i cu la r  the inf luence o f  

I t  represents a neces- 

a f t e r  nearly ha l f  3 cen- 

re la t i on  t o  f i l m  th ick- 

a t tent ion turned t o  other 

Once agreement had been obtained, 

tury, between theory and experiment i n  

ness i n  h igh ly  stressed l i n e  contacts, 

aspects o f  e 1 astohydrodynami c lubr icat  on. Analyses o f  therma 
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ef fec ts  i n  l i n e  contacts exh ib i t ing  mixed r o l l i n g  and s l i d i n g  

was performed by Cheng and Stern l icht  i n  1964 ana Oowson and 

Whitaker i n  1966. These authors considered the d i f f i c u l t  mathe- 

matical Groblem presented oy the requirement f o r  a so lu t ion o f  

the Reynolds, e l a s t i c i t y ,  energy, and heat-transfer equations 

f o r  a l i n e  contact. The resu l t s  indicated tha t  the basic fea- 

tures o f  elastohydrodynamic contacts indicated by isothermal 

theory were also evident i n  solut ions f o r  s l i d i n g  o r  t hemd l  

conditions. I n  par t icu lar ,  the sharp secondary pressure peak 

predicted f o r  a Newtonian f l u i d  i n  pure r o l l i n g  condit ions was 

found t o  pers is t ,  and even grow, when somt s l i d ing  was in t ro -  

duced. 

Another feature o f  the Cheng and Stern l icht  (1964) solu- 

t i ons  tha t  was o f  considerable p rac t ica l  importance was tha t  the 

calculated f i l m  thickness was not  appreciably influenced by the 

o i  1 f i l m  temperatures generated i n  s l i d i n g  contacts. The f i i m  

thickness formula f o r  isothermal l i n e  contacts thus gives good 

approximations t o  the measurea f i l m  thickness i f  the lubr icant 

v iscos i ty  corresponding t o  the temperature a t  the f i l m  i n l e t  i s  

considered. 

Archard and Cowking ( 1965-66) ueveloped e lastohydrodynamic 

theory f o r  nominal po in t  contacts o f  the form encountered be- 

tween two spheres and thus extended the c lass ica l  study o f  

Kapitza (1955) as Grubin (1949) nad extended tha t  o f  Mart i t i  

(1916). The Hertzian contact zone was assumed t o  form a paral- 
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le1 f i l m  region, and the generation of high pressure i n  the ap- 

proaches $0 the Hertzian zone was corlsidered. The resu l ts  o f  

the Archarc! dnd Cowking (1966) analysis led  t o  the concept o f  a 

side-leakage o r  el  l i p t i c i t y  factor Ab, which represents the 

proport ional reduction i n  pressure a t t r ibu tab le  t o  side leak- 

age. I n  the isoviscous theory o f  an undeformed nominal po int  

contact, 'b i s  a constant equal t o  '[l + (2R,/3Ry)]-1 

where R x  and R are the e f fec t i ve  r a d i i  o f  curvature 

pa ra l l e l  t o  and perpendicular t o  the d i rec t i on  o f  motion, re- 

spectively. This concept was used by Archard and Cowking (1966) 

i n  der iv ing simple elastohydrodynamic theories f o r  a nominal 

pc;nt contact. Tneir theories agree reasonably wel l  w i t n  the 

f i l m  thickness experiments o f  Archard and K i r k  (1961), who used 

a crossed-cylinders machine under condit ions i n  which R /R 

was varied between approximately 0.3 and 12.0. 

Y 

Y X  

4.3.4 1970's - Cheng t o  the Present Day 

By the beginning o f  1970 experimental l y  tietermined f i I m  

thicknesses were f a i r l y  we1 1 established. 

1970's saw at tent ion turned t o  other aspects of elastohydrody- 

namic lubr ica t ion  such as pressure, temperature, rheology, and 

tract ion,  

vealed by the use o f  f i n e  s t r i ps  o f  mangaiiin (an a l l oy  of cop- 

per, n ickel ,  ana manganese, wnose resistance i s  i nf?uencea by 

Experimentally the 

Pressure d i s t r i b u t i m  wi th in  a conjunction was re- 
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pressure) deposited on the insulated surfaces o f  discs. The 

technique o r i g i n a l l y  developed by Kannel, e t  al. (1964) was used 

t o  reveal the pressure d i s t r i b u t i o n  i n  an impressive study by 

Hamilton and Moore (1971). They found tha t  the pressures ;.=ar 

the o u t l e t  tha t  are predicted i n  theory are considerably attenu- 

ated i n  pract ice but do occur i n  the correct  positions. 

Hami l t o n  ana Moore (1971) also measured temperatures w i th in  

elastohydrodynamic conjunctions by embedded and t r a i l i n g  thermo- 

couples, ~y f i l m s  of  n ickel  on insulated discs, and by d i r e c t  

measurement o f  infrared radiation. Althougn tne probes used 

were smal l ,  they accounted for 8 t o  10 percent o f  the f i l m  

thickness under t yp i ca l  operating conditions. The conditions 

were l im i ted  i n  sever i ty because o f  the glass surface and the 

f r a g i l e  nature o f  the gauges. 

A noncontacting technique based on infrared measurements 

was developed by Turchina, e t  al.  (1974) and fu r the r  developed 

by Ausherman, e t  a l ,  (1976) and Nagaraj, e t  a l .  (1977) f o r  the 

measurement of  fi lrl temperature. I t dOeS not i n te r fe re  i n  any 

way wi th tne operation o f  tne elastohydrodynamic lubricated con- 

junction, and i t  can be used under conditions o f  contact sever- 

i t y  comparable t o  those encountered i n  rea l  engineering fpplica- 

t ions. 

Two areas o f  research i n  the physics o f  viscous f l u i d s  i n  

tne 1970's cast valuable 1 j h t  onto the problem o f  the rheololly 

o f  elastohydrodynamic lubricated f i lms. The response of  v i  scous 
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l iqu ids t o  high-frequency shear has shown tha t  such "super- 

cooled" 1 iquids have viscoelast ic propert ies when the s t r a i n  

rates are comparable w i th  the natural re laxat ion rates o f  the 

f lu id .  Studies by Alsaad, e t  al .  (1978) have shown that such 

f lu ids  exh ib i t  a "glass t rans i t ion"  and become sol id l ike,  w!wn 

ei ther  the temperature i s  reduced o r  the pressure increased suf- 

f i c i e n t l y  f o r  the l i q u i d  " f ree volume" t o  be v i r t u a l l y  

e l  i m i  na ,ad. 

Di rect  observation D f  the v iscoelast ic behavior of elasto- 

hydrodynamic f i l m s  i n  the l i nea r  region, where s l i d i n g  Speeds 

are extremely low, were made by Johnson and Roberts (1974) ana 

H i r s t  and Moore (1974). A t  higher s l i d i n g  speeds the relat ion- 

ship between shear stress ( t rac t ion)  and s t r a i n  r a t e  ( s l i p !  be- 

comes very nonlinear. This nonl inear i ty  i n  terms o f  the stress- 

s t ra in  behavior o f  Lhe lubr icant i n  i t s  "glassy" s ta te was con- 

sidered by Johnson and Tevaarwerk (1977). 

was indeed bet ter  t o  describe the o i l  i n  a h igh ly  loaded elasto- 

hydrodynamic lubr icated contact as an e las t i c -p las t i c  Sol i d  

rather as a viscous l iqu id .  Based on t h i s  new understanding, 

they put forward a theory o f  elastohydrodynamic lubr ica t ion  

t rac t ion  that  i s  being applied t o  engineering components such as 

b a l l  bearings and t rac t  ion drives. 

They found tha t  i t  

I n  the calculat ions o f  elastohydrodynamic o i l  f i l m  thick- 

ness discussed i n  t h i s  t e x t  the lubr icant has been assumed t o  be 

a Newtonian f l u i d .  Thst i s ,  i s  assumed t o  be per fec t l y  V i s -  
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cous, w i tn  the ra te  of shear being l i nea r l y  related t o  the shear 

stress. Jacooson (1970, 1972, dnd 1973) indicated tha t  i n  non- 

conforming contacts, such as those tha t  occur i n  roll ing-element 

bearings, the lubr icant w i l l  s o l i d i f y  because o f  the high pres- 

sures normally encountered. Uhen the o i l  i s  so l id i f ied,  the 

pressure buildup i s  a resu l t  of the shear strength and the com- 

p r e s s i b i l i t y  o f  the o i l ,  as well as the e las t i c  propert ies o f  

the solids. Jacobson described the basic approach used t o  de- 

termine the pressure d i s t r i bu t i on  and the f l u id - f  i l m  thickness 

i n  such conjunctions i n  h i s  1970 paper. The basic requirement 

i s  t h a t  the condi t ion of  cont inu i ty  o f  mass f low has t o  be satis- 

f ied  a t  the boundaries between the l i q u i d  o i l  and the s o l i d i f i e d  

o i l  regions, w i th in  the s o l i d i f i e d  o i l  region a t  the boundaries 

between s l i d ing  and nonsl iding s o l i a i f i e d  o i l ,  and on the cavi- 

t a t i o n  boundary forming the downstream par t  o f  the l i q u i d  o i l  

regime a t  the out let .  Jacobson applied h i s  method t o  a c i r cu la r  

contact i n  h i s  1972 paper and t o  a rectangular contact i n  h i s  

1973 paper. The resu l ts  presented i n  these papers are interest-  

ing, but a t  the present time they must be viewed as an i n i t i a l  

attempt t o  incorporate some o f  the developing ideas o f  lubr icant 

rheology i n t o  elastohydrodynamic theory for  nominal l i n e  ana 

point  contacts. 

A major change i n  the d i rec t ion  o f  theoret ical  studies o f  

elastohydrodynamic lubr icat ion i n  the 1970's arose f rom a switch 

from considerations o f  nominal 1 ine contacts t o  el l i p t i c a l  con- 
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tacts. Other than tM Archaw and Cowking (19bb) formulation of 

a side-leakage factor, the l i t e r a t u r e  was essent ia l l y  devoid of 

theoret ica l  e l l ip t i ca l -contac t  f i l m  thickness formulations. 

In 1970 Cheng developed a Grubin type of  i n l e t  analysis 

that was appl lcable t o  Contacts whose Hertzian contacting area 

was e l l i p t i c d l .  

erned by c lass ica l  Hertzian theory (Hertz, 11381) and tne surfdce 

ve loc i t ies  u and ub were assumed t o  be i n  the d i rec t i on  

of the pr inc ipa l  axes. Results were presented as side-leakage 

f i l m  reduction factors f o r  an e l  l i p t i c i t y  parameter o f  k - > 5 

(approximates a l i n e  contct) ,  f o r  k 1 ( c i r c u l a r  contact),  and 

for  1 < a < 5 ( e l l i p t i c a l  contact).  

An in te res t ing  numerical so lu t ion o f  tne elastohydrooynamic 

point-contact problem f o r  d sphere near a plane W ~ S  put  fo r t t i  DY 

Ranger, e t  a i .  (1975). Th is  so lu t ion was presented i n  aimen- 

sional terms, which thereby l im i ted  generdl usage. A puzzling 

feature of the Ranger-, e t  ai. ,  work, however, was that  t h e i r  

resu l t ing  equation f o r  the minimum f i l m  tnickness nad a pos i t i ve  

ioad exponent, kh icn cuntradicts experiments (e.9. , Cameron and 

Gohar, 1366, and Archard ana K i r k ,  1961). 

The surface defonnatioh was assumed t o  DC gov- 

a 

Only i n  tne 1970's d i d  the complete numerical so lu t ion of 

the isothermal elastohydrodynamic lubr ica t ion  o f  e l l i p t i c a l  con- 

t a c t s  successfully emerge. The analysis requires the simultan- 

eous solut ion of the e l a s t i c i t y  dnd Reynolds equations. I r i  the 

years 1974 t o  AYl9 Hamrock dnd Oowson published e igh t  papers on 



with a uniform 

i s  also sumar 

Dowson, 1976a) 

tne predict  

por t  ant f o r  

which these 

ofi of a f i l m  o f  adequate t h  

the successf u 1 operat ion o f  

t h i n  continuous f l u i d  f i lms 

elastohydrodynamic lubr ica t ion  (1974, 197th and b, A977a ana 0 ,  

lY78, and lY!Yd dnd b). Their dpOl)rodCli t o  the thaoru t i t~e l  Solu- 

t ion i s  presented i n  Hamrock and buson (1974 and 197ba). T h e  

f i r s t  of these publ icat ions presents an e l a s t i c i t y  modal i n  

which the conjunction i s  d iv ided i n t o  equal rectangular regions 

pressure applied over each region. This mater ia l  

zea i n  Chapter 5. The second paper (Hammck and 

gives a complete approach t o  tne so lut ion o f  tne 

elastohydrodynamic lubr ica t ion  problem for e l  1 i p t  i c a l  contacts. 

The most important p rac t ica l  aspect o f  the e l a s t o ~ a r o d y -  

n m i c  lubr ica t ion  e l  l ip t ica l -contact  theory i s  the determination 

o f  the minimum f i l m  thickness w i th in  the conjunction. That i s ,  

ckness i s  extremely im- 

machine elements i n  

occur. Hamrock and 

Dowson (1977aj presmted resu l ts  f o r  f u l l ]  f loaded conjunc- 

t ions. A f u l l y  flooded condi t ion i s  said t o  e x i s t  w k n  tne ex- 

tent  t o  which tne i n l e t  region of  tne conjunction i s  f i l l e d  w i tn  

lubricant ceases t o  influence i n  any s ign i f i can t  way the minimum 

f i l m  th icnwss. I n  Hamrock atid Oowson (19774 the influence of 

the e l l i p t i c i t y  parameter and the diniension~ess speed, : ~ d ,  ana 

materials parameters on minimum f i l m  thickness was investiga- 

ted. T h i r t p f o u r  cases were used t o  generate a f u l l y  flooded 

minimum-f i lm-thickness formula tha t  can be used i n  the analysis 

o f  d wide range of  h ighly stressed, lubr icated machine elements. 



I n  Hamrock and Dowson (1Y77b) tne e f f e c t  o f  lubr icant 

starvat ion on the pressure and f i l m  thickness was studied. A 

simple expression f o r  tne c r i t i c a l  dimensionless bounaary dis- 

tance a t  which lubr icat ion starvat ion s t a r t s  t o  become important 

was obtained. F i f t een  cases, i n  addi t ion t o  three presented i n  

Hamrock and Oawfan f l97Ia).  were used t o  obtain s\Rple expres- 

sions for the minimum ana centra l  f i l m  thicknesses i n  a starved 

con jum t ion. 

The work presented i n  Hamrock and Oowson (1974, 197th and 

b, and 1977a and b) related t o  materials of  hiqh e l a s t i c  muu- 

lus (e.9.. steel) .  The subsequent work reported i n  Hamrock and 

Oowson (1978 and 1Y7Ya) related t o  materials of - low e l a s t i c  

modulus (e.g.* rubber). For such materials the d i s to r t i ons  are 

large, even wi th  l i g h t  loads. Hamrock and Oowson (1978) presr I- 

ted. t o  the best o f  the authors' knowledge, the f i r s t  complete 

numerical Solutiori of  the problem o f  f u l l y  flooded, isothermal, 

elastohydrotiynamic lubr icat ion o f  e 1 1  i p t i c a l  contacts f o r  low- 

elastic-modulus materials, That i s t ,  no assumptions were mdoe as 

t o  pressure or f i l m  thicKness w i th in  tt ie Contactt, and compressi- 

b i l i t y  and Viscous ef fects were considered. Hamrock and ilowsort 

(1Y7Ya) l a t e r  extended tne analysis t o  take account o f  lubr ican t  

starvation i n  such conjunctions. 
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4.4 Closure 

I n  t h i s  chapter we have traced the development o f  unoer- 

standing of the physical and chemical act ion o f  the lubr icant 

w i th in  lubr icated conjunctions. Tne f i r s t  step i s  t o  develop a 

va l i d  representation of the surface topograpb. Various physi- 

ca l  methods have been mentioned tha t  y i e l d  information on sur- 

face topography, including oblique sectioning, op t ica l  in te r fe r -  

ometry, e lectron microscopy, and prof  ilometry. O f  a1 1 these, 

profilometry, i n  which a f i n e  diamond sty lus i s  drawn across the 

surface and i t s  ve r t i ca l  excursions magnified and recorded nas 

found the widest application. The prof i lometer can be used t o  

measure tne roo t  mean square (rms) ana the t sn te r l i ne  average 

(c la) ,  or  a r i t hne t i ca l  mean deviat ion (Ra), which are well-known 

parameters used t o  define the roughness o f  surfaces. 

The f i l m  parameter A was defined as a r a t i o  o f  the f i l m  

thickness t o  the composite surface roughness. The f i l m  param 

e ter  has been Used t o  def ine four  important lubr ica t io i i  re- 

gimes: f l u i d  f i I m  o r  hydroaynamic, elastohydrodynamic, bouna- 

a r j ,  and mixed. Hydrodynamic o r  f l u i d - f i  l m  lubr ica t ion  occurs 

when the lubr icat ing f i l m  i s  s u f f i c i e n t l y  t h i ck  t o  prevent the 

opposing so l ias f r o m  coming i n t o  contact. Elastohydrodynamic 

lubr icat ion i s  a f o r m  o f  f l u i d - f i l m  lubr ica t ion  where e las t i c  

deformation becomes s ign i f icant .  I n  boundary lubr icat ion the 

surface in te rac t ion  between one o r  more molecular layers o f  
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boundary lubr icants and the so l ids dominates the operation o f  

the contact. Mixed lubr ica t ion  i s  governed by a mixture of 

boundary and f lu id- f  i l m  effects. Most of  the s c i e n t i f i c  un- 

knowns l i e  i n  t h i s  lubr ica t ion  regime. 

A b r i e f  h is to ry  o f  elastohydrodynamic lubr icat ion has a lso 

been presented i n  t h i s  chapter t o  introduce the major subject o f  

t h i s  text .  The major accomplishments i n  four  periods have been 

presented, namely, the pre-l950's, the 195O's, the 19riO's, ana 

the 1970's. The approach t o  experimental and theoret ical  re- 

search covered i n  these periods has necessarily been selective 

ratner than exhaustive, but we have endeavored t o  cover m d o r  

accomplishnents during these periods, which have witnessed most 

important and exc i t ing  developments i n  our understanding o f  the 

lubr icat ion o f  h igh ly  stressed, lubr icated machine elements. 
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